1. Introduction {#sec0001}
===============

Anti-N-methyl-[D]{.smallcaps}-aspartate receptor (NMDAR) encephalitis is autoimmune disease of the central nervous system mediated by anti-NMDAR antibodies. It is an acute or subacute onset disease, mainly involving the hippocampus, amygdala, insula, and other marginal structures. Patients typically develop memory deficits, behavioral changes, psychosis and epileptic seizures, and the severe stage will be accompanied by dyskinesia, hypoventilation, and decreased levels of consciousness. Despite this severe clinical course, studies have shown that routine brain CT/MRI are normal or atypical in most patients and therefore provide limited diagnostic and prognostic value ([@bib0002]). The majority of patients have a favorable outcome, although some are left with persistent cognitive deficits, such as impairment of memory, attention, and executive control.

Resting state fMRI (rs-fMRI) does not require specific task demands, which renders it suitable for application in cognitively impaired patients, and can detect functional activity changes in the brain, even when conventional MRI shows no structural changes ([@bib0003]). ALFF and FC are common indicators measured by rs-fMRI, and these measures can reflect the intensity of spontaneous activity of local brain neurons and brain functional activities under physiological and disease states. They have been widely used in neuropsychiatric disorders, such as mild cognitive impairment, Alzheimer\'s disease and depression.

At present, there are few rs-fMRI studies on anti-NMDAR encephalitis, especially on the resting-state spontaneous brain activity of patients. The discrepancy between the severity of clinical symptoms and routine imaging remains perplexing and has drawn researchers' attention. Therefore, we used rs-fMRI combined with ALFF and FC approaches to provide a preliminary analysis of the characteristics of the spontaneous activity of brain regions and changes in brain FC in patients with anti-NMDAR encephalitis. Then, we used correlation analyses to investigate whether these abnormal cerebral functional activities were associated with neuropsychological deficits. In summary, this study may help to explore the pathophysiological mechanisms and deepen our understanding of anti-NMDAR encephalitis.

2. Materials and methods {#sec0002}
========================

2.1. Subjects {#sec0003}
-------------

The study was approved by the First Affiliated Hospital of Guangxi Medical University Ethics Committee. All study participants (or family members) provided informed written consent for inclusion in the research and publication. Seventeen patients with anti-NMDAR encephalitis after the acute stage of the disease and 18 sex-matched, age-matched and education-matched healthy control subjects without any neurological or psychiatric diseases were recruited. The patients were recruited in the Department of Neurology of the First Affiliated Hospital of Guangxi Medical University between January 2015 and June 2018. According to the diagnostic criteria of anti-NMDAR encephalitis ([@bib0012]), a diagnosis was established in all patients based on characteristic clinical presentation and detection of immunoglobulin G (IgG) NMDAR antibodies. Control subjects were recruited through public advertisements and had similar social backgrounds in comparison with the patients. In all subjects, cognitive function was assessed using the Montreal Cognitive Assessment (MoCA), and the degree of anxiety and depression were assessed using Hamilton Anxiety Scale (HAMA) and Hamilton Depression Scale (HAMD~24~).

2.2. MRI acquisition {#sec0004}
--------------------

Imaging was performed with an Achieva 3.0 T MR scanner (Philips, Amsterdam, The Netherlands). During the scanning, subjects were instructed to remain in an awake and relaxed state, to avoid thinking anything about a specific topic, and to keep their eyes closed. The resting-state functional imaging was collected using the echo-planar image (EPI) technique (repetition time (TR) = 2000 ms, echo time (TE) = 30 ms, voxel size = 3.44 × 3.44 × 6.00 mm, field of view = 220 × 220 mm², flip angle = 90°, 31 slices, slice thickness = 5 mm, slice gap = 1 mm, scanning time \> 360 s).

2.3. Data processing {#sec0005}
--------------------

All rs-fMRI data preprocessing were conducted using DPABI software (<http://rfmri.org/dpabi>) running on MATLAB R2013b. The first ten time points were discarded to allow magnetization equilibrium. The remaining volumes were processed as follows: slice-timing correction, head motion correction (rotational and translational movements of all subjects were within 2 mm or 2°, respectively, in the *x, y*, and *z* planes), spatial normalization to Montreal Neurological Institute (MNI) space with a resampling resolution of 3 × 3 × 3 mm³, spatial smoothing with a 6-mm Gaussian kernel along all three directions, and linear trend removal. Finally, all images were filtered using a typical temporal bandpass filter (0.01--0.08 Hz) to reduce low-frequency drift, physiological high-frequency respiratory and cardiac noise.

2.4. ALFF calculation {#sec0006}
---------------------

ALFF was calculated using DPABI software (<http://rfmri.org/dpabi>). The ALFF analysis was based on previous preprocessed results. For a given voxel, the time sequences were transformed to the frequency series by fast Fourier transform, and the square root of the power spectrum was calculated and filtered across 0.01--0.08 Hz. The average square root was considered to be the ALFF value. To reduce individual differences among the subjects, the average ALFF value was subtracted from the ALFF value of each voxel and then divided by the standard deviation of the whole-brain ALFF map to obtain the standard ALFF value. The maps of the significant differences in ALFF between the patient and control groups were compared using voxel-wise two-sample t-tests with age, sex and educational level serving as nuisance covariates (false- discovery- rate \[FDR\] corrected, *p* \< 0.05).

2.5. Functional connectivity analysis {#sec0007}
-------------------------------------

Seed-based analysis was used to analyze FC. Some brain areas with ALFF values that were significantly different from the other brain regions were chosen as regions of interest (ROIs). Then, Pearson\'s correlation coefficients were calculated between the time courses of each ROI and the signal time series of each voxel across the whole brain to generate an ROI-FC map for each participant. The ROI-FC map was subjected to Fisher\'s r-to-z transformation to generate a z-score FC map to improve the normality of correlation coefficients. Z-score FC (zFC) maps within the patient group and control group were statistically analyzed using a one-sample *t*-test (*p* \< 0.05; FDR corrected). After the one-sample *t*-test, a mask was merged with the statistically significant zFC maps of the patient group and control group for further between-group comparisons. A two-sample *t*-test (*p* \< 0.05; FDR corrected) was performed to investigate the FC strength of regions with significant differences between the patient and control groups, with age, sex and educational level serving as nuisance covariates.

2.6. Statistical analysis {#sec0008}
-------------------------

The analysis of the general demographic data was performed by SPSS22.0 software. The data are reported as the means ± standard deviations. The differences in age, education level, MoCA, HAMA and HAMD~24~ scores were analyzed using independent two-sample *t*-tests, while differences in sex were analyzed using a chi-squared test. Individual mean ALFF z-scores and zFC values were extracted for Pearson\'s correlation analysis with MoCA, HAMA and HAMD~24~ total scores. Furthermore, a subgroup analysis of the different cognitive domains in MoCA was employed to detect a more specific correlation with the mean ALFF z-scores in the anti-NMDAR encephalitis patients. Significant correlations were determined based on p-values less than 0.05.

3. Results {#sec0009}
==========

3.1. Demographic data and scale scores {#sec0010}
--------------------------------------

There was no significant difference between the two groups with regard to age (*t* = 0.344, *p* = 0.733), sex distribution (χ^2^ = 0.030, *p* = 0.862), or years of education (*t* = −1.843, *p* = 0.074). There were significant differences in the MoCA, HAMA and HAMD~24~ scores between the two groups (*p* \< 0.05). Details of the demographic data and corresponding tests are presented in [Table 1](#tbl0001){ref-type="table"}.Table 1Demographics and neuropsychological data.Table 1VariablesPatientsControlst/χ^2^p valueAge28.59 ± 11.0727.50 ± 7.380.3440.733Gender (M/F)9/89/90.0300.862Education (years)12.12 ± 3.9514.61 ± 4.05−1.8430.074Time After Disease Onset (months)20.29 ± 14.00------HAMA scores4.12 ± 3.441.17 ± 1.623.2140.004HAMD~24~ scores5.59 ± 6.780.78 ± 1.172.8840.010MoCA scores24.24 ± 3.5128.44 ± 1.653−4.5820.000Executive0.65 ± 0.4930.78 ± 0.4282.7460.107Language1.00 ± 0.7071.78 ± 0.4280.8660.359Orientation5.59 ± 1.2786.00 ± 0.008.8870.005Calculate2.76 ± 0.5623.00 ± 0.0016.3040.000Abstraction2.18 ± 0.9512.61 ± 0.6981.9160.176Memory2.76 ± 1.5224.50 ± 0.8575.3670.027Visual perception2.53 ± 0.7172.78 ± 0.4286.9210.013Naming3.88 ± 0.3324.00 ± 0.0012.0510.001Attention3.00 ± 0.003.00 ± 0.00----[^1]

3.2. ALFF results {#sec0011}
-----------------

In the ALFF z-score analysis, the patients exhibited decreased ALFF values in the bilateral posterior cingulate gyrus, left precuneus and bilateral cerebellum compared with controls.(*p* \< 0.05, FDR corrected; [Table 2](#tbl0002){ref-type="table"}, [Figs. 1](#fig0001){ref-type="fig"} and [2](#fig0002){ref-type="fig"}).Table 2Brain regions with different ALFF values in the anti-NMDAR encephalitis patients compared with controls.Table 2Brain regionsMNI coordinates of peak pointVoxels*T* valueXYZCingulum_Post_L−7−4430157−3.5549Cingulum_Post_R5−4531101−3.0245Precuneus_L−1−663447−1.8732Cerebelum_3\_L−4−51−19204−4.2805Cerebelum_3\_R4−48−19129−3.2367[^2]Fig. 1Brain regions showing ALFF differences in the patients compared with the controls (Cool tone represents reduce ALFF).Fig 1Fig. 2Brain regions showing ALFF differences in the patients compared with the controls: (a) Left posterior cingulate gyrus and left cerebellum. (b) Left precuneus. (c) Right posterior cingulate gyrus and right cerebellum.Fig 2

3.3. Functional connectivity results {#sec0012}
------------------------------------

FC analysis was performed using the left posterior cingulate gyrus and the right posterior cingulate gyrus, which showed differences in the ALFF values between patients and controls in the ROI analysis. Compared with controls, patients exhibited increased FC between the left posterior cingulate cortex (PCC) and the bilateral lingual gyrus, right calcarine, right cuneus (*p* \< 0.05, FDR corrected; [Table 3](#tbl0003){ref-type="table"} and [Fig. 3](#fig0003){ref-type="fig"}(a)). Furthermore, we also found increased FC between the right PCC and the right fusiform gyrus, bilateral lingual gyrus, left calcarine, left cuneus, and right posterior central gyrus (*p* \< 0.05, FDR corrected; [Table 3](#tbl0003){ref-type="table"} and [Fig. 3](#fig0003){ref-type="fig"}(b)). No brain regions were found to have reduced FC with the bilateral PCC.Table 3Differences of functional connectivity in patients compared with controls.Table 3Brain regionMNI coordinates of peak pointVoxels*T* valueXYZIncrease FC with PCC_LLingual_L−24−48−92166.3557Lingual_R18−64−11794.0578Calcarine_R24−69141693.8996Cuneus_R18−96121854.1942Increase FC with PCC_RFusiform_R30−54−122856.7398Lingual_R11−6804488.8907Lingual_L−13−67−23557.6545Calcarine_L−10−8373807.9826Cuneus_L−3−82211774.0099Postcentral_R48−27511263.1750[^3]Fig. 3Brain regions showing FC differences in the patients compared with the controls: (a) Brain regions which had increased connectivity with left posterior cingulate gyrus. (b) Brain regions which had increased connectivity with right posterior cingulate gyrus. (Warm tones represent increased functional connectivity).Fig 3

3.4. Correlational analyses {#sec0013}
---------------------------

A significant positive correlation was found between zFC values and memory performance in patients (MoCA memory: zFC value between the left posterior cingulate gyrus and right cuneus, *r* = 0.485, *p* = 0.048; zFC value between the right posterior cingulate gyrus and left cuneus, *r* = 0.550, *p* = 0.022; [Table 4](#tbl0004){ref-type="table"} and [Fig.4](#fig0004){ref-type="fig"}). No correlations were found between ALFF values in the abnormal brain regions and HAMA and HAMD~24~ scores (*p* \> 0.05).Table 4Functional connectivity of brain regions associated with neuropsychological scores.Table 4r valueP valuezFC values associated with MoCA memory scoresPCC_L and Cuneus_R0.4850.048PCC_R and Cuneus_L0.5500.022[^4]Fig. 4FCs between the posterior cingulate gyrus and cuneus were positively correlated with MoCA memory scores.Fig 4

4. Discussion {#sec0014}
=============

With the development of imaging analyses, more attention has been focused on the characteristic structural and functional imaging patterns in patients with autoimmune encephalitis ([@bib0014]). In patients with anti-NMDAR encephalitis, impaired FC of the hippocampus with the medial prefrontal cortex and atrophy of the hippocampus were observed, and these changes correlated with individuals' memory deficits ([@bib0010]; [@bib0011]). Another study found disruptions in large-scale networks such as the sensorimotor, frontoparietal, lateral-temporal, and visual networks. In addition, memory impairment was correlated with hippocampal and medial-temporal-lobe network connectivity, while schizophrenia-like symptoms were associated with FC changes in the frontoparietal networks ([@bib0023]).

In this study, our results indicated that compared with controls, patients with anti-NMDAR encephalitis exhibited significantly decreased ALFF in the bilateral posterior cingulate gyrus, left precuneus and bilateral cerebellum. In addition, seed-to-whole-brain voxel analyses showed increased FC between the bilateral PCC and the bilateral lingual gyrus, calcarine, cuneus, fusiform gyrus, and posterior central gyrus.

The decreased ALFF in the bilateral posterior cingulate gyrus, left precuneus and bilateral cerebellum indicated a decrease in spontaneous neural activity and functional impairment in these brain areas. The PCC is a major node within the default mode network (DMN), a set of brain regions that constantly collects information from itself and its surroundings that is related to the episodic memory, the maintenance of a conscious state and normal cognitive function ([@bib0003]; [@bib0008]; [@bib0016]). The PCC functionally connects the major cognitive brain regions and centers, and is responsible for the information exchange between different brain regions and the integration of cognitive information to maintain the normal external behavioral performance of the body (such as self-judgment, episodic memory, etc.). [@bib0017] found that mild cognitive impairment and AD patients all showed decreased ALFF in the PCC, which was significantly positively correlated with cognitive impairment as measured by the Mini-Mental State Examination (MMSE). [@bib0028] and [@bib0019] found that, compared with controls, AD patients showed significantly decreased ALFF values in the PCC, which was a reasonable explanation for the cognitive deficits present in the disease. Our study found that patients exhibited decreased ALFF values in the bilateral posterior cingulate gyrus, which may be related to cognitive impairment, such as impairments in memory and executive control in patients with anti-NMDAR encephalitis. [@bib0027] found that major depressive disorder patients showed altered ALFF in fractional brain regions, including the frontal cortex and precuneus. [@bib0009] suggested that the precuneus was involved in the processing of emotion-related information, working memory, visual attention and emotional regulation, and that dysfunction of the precuneus would lead to a weakening of the regulation of negative emotions. Therefore, dysfunction of the precuneus may contribute to psychiatric disorders with social and emotional components. The cerebellum is traditionally considered a motor control center and plays an important role in executive motor inhibition, but, there is growing awareness of the role of the cerebellum in emotional and cognitive function ([@bib0024]). [@bib0018] found that major depressive disorder subjects showed decreased ALFF in the cerebellum. Therefore, a growing body of evidence has suggested that cerebellar microstructural abnormalities and abnormal FC contribute to dysfunctional brain circuits in depressive disorders ([@bib0013]; [@bib0021]; [@bib0029]). [@bib0007] suggested that cerebellar alterations in the resting state constituted a key candidate mechanism for depressive psychopathology. We found that patients with anti-NMDAR encephalitis exhibited decreased ALFF values in the left precuneus and bilateral cerebellum, that is, local brain neural activity in the precuneus and cerebellum was restrained. Therefore, we presumed that precuneus and cerebellum dysfunction may be an important contributor to the pathogenesis of depression and anxiety in patients with anti-NMDAR encephalitis.

The lingual gyrus, fusiform gyrus, cuneus and calcarine are all located in the occipital lobe. The occipital lobe acts as the center of the visual cortex, integrates visual, auditory, language-related and other executive functions to process visual information. The fusiform gyrus and lingual gyrus are important components of the visual recognition network, which jointly participate in facial recognition and emotional perception and play an important role in the integration of visual information and introspective stimuli ([@bib0004]; [@bib0015]). The visual cortex is typical sensory granular cortex that located around the calcarine of the occipital lobe; visual input comes from the lateral geniculate body of the thalamus, and then via the primary visual cortex (V1) to output information through the dorsal and ventral streams. [@bib0026] chose the primary visual cortex (PVA) as a ROI to identify the pattern of spontaneous activity during the resting state, and the results showed that activity of the bilateral middle occipital gyrus, bilateral cuneus, bilateral lingual gyrus, precuneus, precentral/postcentral gyrus, middle frontal gyrus, fusiform gyrus, and parahippocampal gyrus were associated with spontaneous activity in the PVA, suggesting that memory-related mental imagery and visual memory consolidation processes may be candidates. [@bib0005] found that visual cortical areas that selectively process relevant visual memory tasks were functionally connected with the frontal-parietal network, whereas those that process visual memory tasks with interfering information were simultaneously coupled with the DMN. The authors suggested that the FC of the visual cortex and DMN would resist the negative effect of distraction on working memory performance. The DMN is located far from the visual cortex, and its activity is inhibited by external stimuli whereas it is activated by introspective cognitive processes such as prospective/retrospective memory and internal monitoring. [@bib0006] found that reduced gray matter volume in the lateral occipital cortex was associated with cognitive impairments. [@bib0020] found that posterior visual areas including the precuneus typically become active during later stages of elaboration of personal memories rather than during initial access to those memories. Our study found that FC between the bilateral posterior cingulate gyrus and several brain regions associated with the primary visual cortex, including the lingual gyrus, fusiform gyrus, cuneus and calcarine were enhanced in patients with anti-NMDAR encephalitis, and subsequent analyses showed that FC between the bilateral posterior cingulate gyrus and the bilateral cuneus were positively correlated with MoCA memory scores, which may be a compensatory effect in response to memory dysfunction. Patients with anti-NMDAR encephalitis present with phenomena including decreased memory function, weakened learning ability, and forgetfulness after onset of the illness, and in some patients, these symptoms were persistent and difficult to recover. Therefore, to avoid the impact of these deteriorating conditions, compensatory mechanisms may be activated by enhancing FC with visual brain areas associated with memory, in turn, enhancing the anti-interference ability of the body and then strengthening the efficiency to integrate cognitive information to improve memory function and improve the working efficiency of the memory system.

The posterior central gyrus is part of the somatosensory - motor network and participates in somatosensory processing and regulation. It is mainly responsible for integrating information transmitted by various somatosensory stimuli to achieve correct identification of the object. Previously, abnormal changes in the gray matter of the posterior central gyrus had been found in people with violent tendencies of non-mental disorder ([@bib0025]) and people with antisocial behaviors ([@bib0001]). Patients with anti-NMDAR encephalitis often have mental abnormalities and aggressive behaviors, which may be related to abnormal structure and function of the posterior central gyrus. As seen in the convalescence of patients, these symptoms disappear, and enhanced FC is considered a compensation after injury, or these changes may be caused by the proliferation of glial cells at the site of injury during convalescence, which requires further pathological study.

In this study, no brain regions were found to have reduced FC with the bilateral posterior cingulate gyrus, and no brain regions with reduced ALFF values were found to be associated with the MoCA, HAMA and HAMD~24~ scores. The following reasons may be responsible for these findings: first, the sample size was not large enough to fully reflect the actual situation. Second, anti-NMDAR encephalitis patients have a widespread brain damage, which includes many brain areas. [@bib0022] found that, in temporal lobe epilepsy patients with poor seizure control, regional brain correlates of memory impairment did not completely map onto the distribution of abnormalities, but the wider extent of abnormalities appeared to be related to greater vulnerability to memory impairment. The anti-NMDAR encephalitis patients we enrolled had different disease durations and were in the recovery period, and some of the damage had been compensated for. So, the abnormal brain areas identified here may not have an impact on the cognition, anxiety and depression scores. Third, the MoCA, HAMA and HAMD~24~ scales may not fully reflect the degree of cognitive impairment and emotional abnormalities of anti-NMDAR encephalitis patients due to limitations of the scales and the complexity of the patients\' conditions.

Our study had some limitations. First, the sample size was not large enough to ensure the stability of the results. Second, because the patients with anti-NMDAR encephalitis cannot cooperate and undergo the examination during the acute phase, the patients included in this study were all in the convalescence phase, the course of disease varied across patients, and there were differences in brain function. Therefore, the present findings do not fully reflect the actual changes in brain function in patients at the onset of anti-NMDAR encephalitis. Third, longitudinal studies are needed to further understand the impairment and recovery of brain function to help us better understand anti-NMDAR encephalitis. Therefore, future studies should increase the sample size and use multimodal MRI techniques to reveal abnormities in brain structure and function to deepen our understanding of the nature of anti-NMDAR encephalitis.

5. Conclusions {#sec0015}
==============

In conclusion, our rs-fMRI study combines ALFF and FC analysis to provide a preliminary exploration of the functional brain characteristics of patients with anti-NMDAR encephalitis. We found decreased ALFF values in the bilateral posterior cingulate gyrus, left precuneus, and bilateral cerebellum and increased FC between the PCC and the visual cortex and central posterior gyrus. Furthermore, FC between the bilateral posterior cingulate gyrus and bilateral cuneus were positively correlated with MoCA memory scores. Those changes may participate in the process of cognition and emotion deficits. In summary, patients with anti-NMDAR encephalitis have both brain functional impairments and compensation. These findings may provide further insight into the underlying neuropathophysiological mechanism of anti-NMDAR encephalitis.
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[^1]: Values are means ± SD. M = male, F = female, MoCA = the Montreal Cognitive Assessment, HAMA = Hamilton Anxiety Scale, HAMD~24~ = Hamilton Depression Scale.

[^2]: MNI = Montreal Neurological Institute, L = left, R = right.

[^3]: MNI = Montreal Neurological Institute, FC = functional connectivity, PCC = posterior cingulate cortex, L = left, R = right.

[^4]: *PCC* = posterior cingulate cortex, L = left, R = right.
